Spin-wave propagation in a microstructured magnonic crystal 
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Transmission of microwave spin waves through a microstructured magnonic crystal in the form 
of a permalloy waveguide of a periodically varying width was studied experimentally and theoret- 
ically. The spin wave characteristics were measured by spatially-resolved Brillouin light scattering 
microscopy. A rejection frequency band was clearly observed. The band gap frequency was con- 
trolled by the applied magnetic field. The measured spin- wave intensity as a function of frequency 
and propagation distance is in good agreement with a model calculation. 



Magnonic crystals (MCs) operate with spin waves 
(SW) in the microwave frequency range [H, [3, S 0, 0, 
a a a a m UlL E3] and are the magnetic counterpart 
of photonic and sonic crystals. The greatest success in 
MC making has been achieved with yttrium-iron-garnet 
(YIG) film based structures due to the extremely small 
magnetic loss 0, % S II @ • 

However, comparatively large 
sizes of these devices (hundreds of microns) and the in- 
compatibility of the YIG film growing process with mod- 
ern CMOS technology inhibit their wide practical use. 
Applications in microelectronics require downscaling to 
sub-micron sizes and a replacement of YIG films by thin 
ferromagnetic metallic layers. 

Previous studies of metal film based microstructured 
magnonic crystals (micro-MCs) were mostly focused on 
their thermal SW spectrum [ll, H S > or were purely theo- 
retical 11, H| • Here we report on the experimental 
observation and characterization of spin-wave propaga- 
tion in a metal micro-MC. 

To ensure SW propagation the crystal was fabricated 
as a SW-waveguide made from a permalloy (Py) stripe 
with a periodically varying width. This concept was sug- 
gested in theoretical works done in the group of S. K. Kim 




FIG. 1: Scanning electron microscopy and optical images of 
the structure under study. The uniform reference waveguide 
is shown on the left and the magnonic crystal on the right. 



a E3|- However, the proposed feature sizes of the or- 
der of nanometers, which were chosen due to size lim- 
itation in computer simulation, and consequently prac- 
tically vanishing SW group velocities make the original 
structure very difficult to fabricate and test at the cur- 
rent level of technology. In this work we have modified 
the original waveguide geometry such that it is now sup- 
porting propagation of spin waves over distances of tens 
of micrometers. Towards this end we have increased the 
waveguide thickness (the SW group velocity is roughly 
proportional to this dimension) and applied a bias mag- 
netic field across the waveguide (see Fig. 1) to form condi- 
tions for pro pag ation of guided Damon-Eschbach surface 
spin waves [131 ]. In in-plane magnetized metallic sam- 
ples with a high-magnetic moment these waves have the 
highest group velocities. Furthermore, for this magneti- 
zation direction the waveguide's internal magnetic field is 
strongly inhomogeneous due to static demagnetization. 
As a result, in addition to periodical variation of the 
waveguide width, periodical modulation of the internal 
bias field takes place in this geometry. This additionally 
increases the efficiency of spin-wave reflection. 

Electron beam lithography, molecular beam epitaxy, 
and lift-off process were used to fabricate the magnonic 
crystal in the form of a notched permalloy stripe on ther- 
mally oxidized Si(001) substrate (see Fig. 1). The width 
of the 40 nm thick Py (NigiFeig) stripe varies periodically 
between wq = 2.5 /*m and w\ — 1.5 /im. The length of 
the 2.5 /mi- wide sections is 0.75 /im and the length of the 
1.5 /im-wide sections ("notches") is 0.25 /im. This forms 
a magnonic crystal with a lattice constant a = 1 /im. As a 
reference a second waveguide with a uniform wq — 2.5 /im 
width was also patterned on the same substrate 6 /im 
apart from the magnonic crystal (see Fig. 1). 

Spin waves are excited by the microwave Oersted field 
created by a 500 nm thick and w a = 1 /im-wide cop- 
per antenna, which is placed across the both Permalloy 
waveguides (see Fig. 1). In order to detect spin waves 
the space-resolved Brillouin light scattering microscopy 
is used (Hf : a focused laser beam probes spin waves with 
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FIG. 2: (Color online), (a) Calculated SW dispersion curves 
for uniform waveguides with wo = 2.5 )im (solid line) and 
1.5 /J,m (dash-dotted line). The inset shows profiles of the 
fundamental width modes in uniform waveguides of differ- 
ent widths, (b) Normalized SW intensity measured at the 
distance x — 8 (im from the antenna versus the applied fre- 
quency. Solid line - the magnonic crystal; dotted line - the 
reference waveguide. Dashed line represents the calculation 
for the magnonic crystal. For both panels the bias mag- 
netic field and the saturation magnetization are 500 Oe and 
M s = 770 G. 



a spatial resolution of 250 nm and a frequency resolution 



of 300 MHz 14 



The calculated dispersion for the lowest (fundamental) 
width mode of a wq — 2.5 /Ltm-wide uniform waveguide 
is shown in Fig. 2(a) as solid line. For comparison, in 
this panel we also show the dispersion for a 1.5 /im-wide 
uniform waveguide which corresponds to the narrow sec- 
tions of the magnonic crystal. The calculation was car- 
ried out by numerically solving the integro-diffcrcntial 
equation derived in Ref. [l3j. Note, that this calculation 
takes into consideration the inhomogeneity of the internal 
static magnetic field and the static magnetization which 
is also responsible for the bell-shaped transverse profile 
of the fundamental mode (see, the inset in Fig. 2). 

The experimentally measured SW intensity for the ref- 
erence waveguide is shown in Fig. 2(b) (dotted line) as a 
function of the applied microwave frequency. The maxi- 
mum intensity corresponds to spin waves with wavenum- 
bers slightly larger than k = because of the highest 
excitation efficiency and the highest SW group veloc- 
ity. With increasing frequency (and increasing spin-wave 
wavenumber, respectively) the excitation efficiency drops 
[ill. For the used antenna it gets close to zero above 
11 GHz. A weak oscillatory intensity variation with fre- 
quency can be understood as beating of the fundamental 
width mode with the third one, which is also excited by 
the antenna but less efficiently 1^, 17 1 . 

Solid line in Fig. 2(b) shows the measured SW inten- 



sity for the magnonic crystal. A pronounced rejection 
band (where spin waves are not allowed to propagate) is 
clearly observed for frequencies close to 8 GHz. One can 
see that the rejection frequency is slightly shifted down 
with respect to the frequency expected from the sim- 
ple Bragg analysis of the SW dispersion for the uniform 
2.5 /Ltm-wide waveguide (fc rc ji = ft I a = 3.14 rad//xm). 
We suppose that this is due to inhomogeneity of the in- 
ternal magnetic field within the crystal. The decrease in 
the internal field between the opposite notches shifts the 
dispersion curve downwards in frequency. As a result the 
condition A; re ji = ft/a is fulfilled for a smaller frequency 
value. It is worth noting that the rigorously calculated 
SW intensity, which is also shown in Fig. 2(b), is in good 
agreement with the experiment. The second rejection 
band fc ro j2 = 27r/a = 6.28 rad//im is visible in Fig. 2(b) 
as well. However, it is not well pronounced because fc re j2 
coincides with the edge of the antenna excitation band 
fcmax = 2tt/w = 6.28 rad/ fxva. 

Scattering of spin waves from an array of notches on 
a stripe waveguide is described by an equation similar to 
Eq. (5) in Ref. 0: 



X(r) h d(r) 



G eX c(r - r')i>(r')h d (r')dV = m (r), (1) 



where hd is the total dynamic dipole field of the incident 
and the scattered spin waves, z>(r) = (xo( r )~ 1 "X.( r ) — I)i 
X is the microwave magnetic permeability tensor which 
is position dependent through the nonuniformity of the 
internal static magnetic field and the static magnetiza- 
tion, xo is its value for the respective uniform waveguide 
of the width wq, G cxc is the Green's function of exci- 
tation of waves in this waveguide, mo is the amplitude 
of the spin wave with a wavenumber k incident on the 
notch array, and / is the identity tensor. This equation 
allows an analytical solution in the First Born Approx- 
imation (FBA) 0, [l8j]. From this analytic solution it 
can be shown that the depth of the rejection minima 
is proportional to the total dipole energy E of the inci- 
dent spin wave contained in the waveguide cross-section 
which is cut out by the notches (shaded area in the in- 
set in Fig. 2). Figuratively, part of the spin- wave energy 
incident on a pair of notches is reflected because the SW 
width profile does not fit into the narrow waveguide sec- 
tion. The reflection grows faster than linearly with the 
notch depth, as E grows with the size of the dashed area 
in the inset. In particular, one may expect a negligible 
rejection when the notch depth is smaller than the size of 
the demagnetized area at the edge of the uniform waveg- 
uide. This assumption is confirmed by our measurements 
on a different micro-MC having 250 nm-deep notches. 

To get a closer insight into the wave scattering mecha- 
nisms we performed a simulation based on a phenomeno- 
logical approach from 0, E|. For this purpose we 
consider the micro-MC as a periodical sequence of sec- 
tions of regular transmission lines with different prop- 



3 



agation constants (different £;-values) for the same car- 
rier frequency. The rejection coefficient at the junction 
of wider-to-narrower waveguide can then be written as 
r _i = (fci — k Q )/(ki + k Q ) + V, where k and k% are the 
wavenumbers for wp-wide and wi-wide waveguide sec- 
tions, respectively [l9|. As it was mentioned above, the 
spin wave is scattered back not only due to the difference 
in k, which is accounted by first summand To-i, but also 
because its initial transverse profile does not fit into the 
width wi . To account for this additional reflection mech- 
anism we phenomenologically introduce T' . The rejection 
coefficient for the waveguide junction narrower-to-wider 
contains only one term Ti_o = ~(ki — ko)/{k\ + ko). 

The theoretical dependence of the SW intensity on the 
applied frequency is shown in Fig. 2(b) with a dashed 
line. It was calculated as (-F(fc )/|Tii|) 2 , where F(ko) oc 
sin(fco • w a /2)/fco is the efficiency of the antenna exci- 
tation. Tn is the element (1,1) of the MC transmis- 
sion matrix (see [2I fl9j|) which includes Fi_p, To-i, and 
the experimentally measured spatial SW damping cor- 
responding to a Gilbert damping parameter a « 0.007 
[If. This best fit is obtained for r'=0.12. It means 
that 12 percent of incident beam energy is reflected back 
due to the geometrical mismatch between the waveguide 
sections. We should also emphasize that the reflection 
caused by the change of the SW wavenumbers is of the 
same order. 

The experimentally measured transmission character- 
istic for the micro-MC is shown in Fig. 3(a) for different 
bias magnetic fields. Good agrement between the theory 
and the experiment is seen. The first rejection band is 
clearly visible for all the fields higher than 150 Oe. This 
value corresponds to the minimum field one has to apply 
in order to saturate the magnonic crystal. One also sees 
that variation of the applied bias magnetic field in the 
range from 150 Oe to 700 Oe makes it possible to control 
the band gap frequency in the range from 6.5 to 9 GHz. 

Figure 3(b) shows the SW intensity for both the 
magnonic crystal and the reference waveguide as a func- 
tion of the spin-wave propagation distance (x = corre- 
sponds to the edge of the antenna) 2l| . The intensity was 
measured in the middle of the stripes along their longi- 
tudinal axes. The oscillations of the SW intensities with 
x can be interpreted as the spatial beating of different 
waveguide width modes [l5|. The dependence obtained 
in the transmission band of the micro-MC is very similar 
to the one from the reference waveguide. This fact proves 
the ability of practically undisturbed SW propagation in 
the metal waveguide with strongly damaged edges. At 
the same time spin waves in the band gap undergo pro- 
nounced resonant scattering. It results in an intensity 
which is ten times smaller than that for the reference 
sample after passing eight periods of the structure. 

In conclusion, a micro-sized magnonic crystal opera- 
tional at microwave frequencies has been fabricated in 
the form of a notched permalloy waveguide. Formation of 
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FIG. 3: (Color online), (a) Measured spin- wave intensity as 
a function of frequency and bias magnetic field. Logarithmic 
scale is used. Red color corresponds to the maximum and blue 
color to the minimum SW intensity. The dotted line shows 
the calculated frequency for the zero SW wavenumber; solid 
and dashed lines mark the frequencies for the first rejection 
band (fcreji) and for the limit of antenna excitation (fc ma x), 
respectively. Distance from the antenna edge x — 8 /im. 
(b) Measured spin- wave intensity as a function of propagation 
distance x. Filled triangles - magnonic crystal rejection band 
(the applied frequency is 8.1 GHz); filled circles - magnonic 
crystal transmission band (8.9 GHz); opened squares - refer- 
ence waveguide (8.1 GHz). Solid and dash-dotted lines show 
the calculation for the magnonic crystal and the reference 
waveguide (8.1 GHz). Bias magnetic field is 500 Oe. 



pronounced magnonic band gaps was observed. They are 
seen as considerable decrease in SW transmission caused 
by the resonant backscattering from a periodical lattice. 
The band gap frequency can be tuned in the range from 
6.5 to 9 GHz by varying the applied magnetic field. 
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